We show how quasi-one-dimensional correlated insulating states arise at two-thirds filling in organometallic multinuclear coordination complexes described by layered decorated honeycomb lattices. The interplay of spin-orbit coupling and electronic correlations leads to pseudospin-1 moments arranged in weakly coupled chains with highly anisotropic exchange and a large trigonal splitting. This leads to a quantum phase transition from a Haldane phase to a topologically trivial phase as the relative strength of the spin-orbit coupling increases. Introduction. In recent years there has been intense research activity on the effect of spin orbit coupling (SOC) in the electronic structure of weakly interacting materials since the discovery of topological band insulators [1, 2] (TBI). TBI are predicted to occur in certain solids with electron-like quasiparticles in the presence of strong SOC as is found in compounds containing the heavy elements such as: Bi, Pb, Sb, Hg and Te. In materials with partially filled localized orbitals, renormalization effects induced by strong Coulomb repulsion effectively enhance the SOC leading, for instance, to topological Mott [3, 4] or Kondo [5] insulators. In Ir-based compounds such as Na 2 IrO 3 and Li 2 IrO 3 the emergent J = 1/2 pseudospins arranged in a honeycomb lattice interact through anisotropic spin exchange couplings of the Kitaev-Heisenberg type [6] [7] [8] [9] . Kitaev's honeycomb model can be solved exactly [10] sustaining a topological quantum spin liquid state with Majorana fermion excitations which may have been recently observed in the Kitaev candidate material [11] α-RuCl 3 . This illustrates how novel quantum phases of matter arise from the interplay of strong Coulomb repulsion and SOC in certain materials.
Introduction. In recent years there has been intense research activity on the effect of spin orbit coupling (SOC) in the electronic structure of weakly interacting materials since the discovery of topological band insulators [1, 2] (TBI). TBI are predicted to occur in certain solids with electron-like quasiparticles in the presence of strong SOC as is found in compounds containing the heavy elements such as: Bi, Pb, Sb, Hg and Te. In materials with partially filled localized orbitals, renormalization effects induced by strong Coulomb repulsion effectively enhance the SOC leading, for instance, to topological Mott [3, 4] or Kondo [5] insulators. In Ir-based compounds such as Na 2 IrO 3 and Li 2 IrO 3 the emergent J = 1/2 pseudospins arranged in a honeycomb lattice interact through anisotropic spin exchange couplings of the Kitaev-Heisenberg type [6] [7] [8] [9] . Kitaev's honeycomb model can be solved exactly [10] sustaining a topological quantum spin liquid state with Majorana fermion excitations which may have been recently observed in the Kitaev candidate material [11] α-RuCl 3 . This illustrates how novel quantum phases of matter arise from the interplay of strong Coulomb repulsion and SOC in certain materials.
Molecular materials are ideal playgrounds to explore strong electronic correlation effects in low dimensions [12, 13] . Although SOC effects are generally weak in organic systems [14] , organometallic complexes provide a route for enhancing SOC [15] . Llusar et al. have synthesized a particularly interesting family of trinuclear organometallic coordination complexes [16, 17] with ligands that facilitate electronic transport between molecules including Mo 3 S 7 (dmit) 3 , Mo 3 Se 7 (dmit) 3 , Mo 3 S 7 (dsit) 3 , and Mo 3 Se 7 (dsit) 3 (dmit=S 5 C 3 , dsit=Se 2 S 3 C 3 ). For example, the low-energy electronic structure of Mo 3 S 7 (dmit) 3 crystals [18] is described by three Wannier orbitals per molecule that are hybrids of the Mo d-orbitals and the dmit molecular orbitals leading to narrow band structures with appreciable SOC [19, 20] . The Mo atoms, and hence the Wannier orbitals, form a layered structure with a decorated honeycomb lattice in the basal plane [19] , as shown in Fig. 1 . In the c-direction, the triangular Mo 3 S 7 (dmit) 3 complexes arrange in tubes reminiscent of the CrAs tubes formed in the recently discovered superconductor K 2 Cr 3 As 3 [21, 22] .
At two-thirds filling in the presence of strong Coulomb repulsion and no SOC, a correlated insulator consisting of spin-1 effective moments coupled through an isotropic antiferromagnetic interaction arises [23] [24] [25] . In this Letter, we derive the effective superexchange model for trinuclear crystals including SOC. SOC entangles the spin and orbital degrees of freedom leading to pseudospin-1 moments, S m , which interact via anisotropic exchange interactions. The SOC also introduces a trigonal splitting of the triplet into a lower energy S z m = 0 state and a S z m = ±1 doubly degenerate state. Surprisingly, we also find that the effective dimensionality of the pseudospin model is strongly affected by the strength of the electronic correlations: with increasing Hubbard U the pseudospin-1 model becomes increasingly onedimensional, even though the original crystal is almost isotropic. At large trigonal splitting, a 'D-phase' consisting of the tensor product of S z m = 0 states on each complex, occurs. Thus, our analysis suggests that a topological quantum phase transition from a Haldane phase to a topologically trivial D-phase can be induced by increasing the SOC.
Pseudospin-1 moments in trinuclear complexes. We first analyze the local effective spin degrees of freedom arising at each isolated trimer due to the combined effect of Coulomb repulsion and SOC. We construct our model based on the Wannier orbitals found in recent density functional calculations [19, 20] and we model each com- In the a-b plane the triangular molecules form a honeycomb lattice. As each complex contains three Wannier orbitals this results in a decorated lattice, which extrapolates between the Kagome and graphene lattices [19] . b) A complexes stack in chains along the c-axis resulting in a triangular tube arrangement of the Wannier orbitals.
plex via a Hubbard-Heisenberg model on a triangle with one orbital per site. In molecules with cyclic symmetry, such as the C 3 symmetry of a Mo 3 S 7 (dmit) 3 complex, the leading SOC term in the effective low-energy Hamiltonian couples the electron spin to currents running around the complex [20] , which carry a 'molecular' angular momentum, L m . For molecules with N -fold rotation axes the angular momentum carried by this current is l = (N − 1)/2 if N is odd [20] ; for a Mo 3 S 7 (dmit) 3 complex N = 3 and l = 1. Thus the Hamiltonian for the mth complex is H c = H 0 + H int + H SO , where
(1)
miσ annihilates (creates) an electron with spin σ in the ith Wannier orbital of the mth molecule, S mi = σσ c † miσ τ σσ c miσ , τ is the vector of Pauli matrices, S m = i S mi , n miσ = c † miσ c miσ , n mi = σ n miσ , t c is the intramolecular hopping amplitude, U is the onsite Coulomb repulsion, and J F < 0 is the direct intramolecular ferromagnetic exchange [26] . We take the z-direction along the c-direction of the crystal. We consider the three-site cluster with four electrons, relevant to Mo 3 S 7 (dmit) 3 and its selenated analogs.
The single electron terms are more conveniently expressed in terms of 'Bloch' operators on the trimer, [15, 20, 27] . Whence, Only the z-component of the total angular momentum, j, is conserved labels. The degeneracies of the eigenstates are labelled by the numbers on the right-hand side of the figure. As SOC, λ = λxy = λz, increases the triplet state is split into a j = 0 state and a doubly degenerate j = ±1 state. This is described by a pseudospin-1 in the presence of a trigonal field generated by SOC.
Note that the trigonal symmetry of the complex implies that the SOC in the plane of the molecule, λ xy , need not equal that in the z-direction [20] . Nevertheless, in some of the numerical work below it is convenient to set λ = λ xy = λ z to reduce the parameter space. Spin-orbit coupling can only mix configurations with the same zcomponent of the total orbital momentum of the cluster: j, which is conserved (modulo 3) for any values of λ xy , λ z . With no SOC and t c > 0 the low lying states are the triplet states [28] . In Fig. 2 we show how the cluster spectrum for λ = 0, consists on a |j = 0 ground state and doubly degenerate, | ± j states, expected from the combination of time reversal and trigonal (C 3 ) symmetries. At large U the three lowest states behave as a localized pseudospin-1. In terms of the pseudospins the effective low energy Hamiltonian for a single complex is thus
2 ; D is the trigonal splitting which increases with λ, cf. Figs. 2, 3 .
Exchange interaction between neighboring trinuclear complexes. We now consider the interaction between two neighboring trimers arranged as in the Mo 3 S 7 (dmit) 3 crystal. We analyze the two nearest-neighbor arrangements realized in the crystal.
(A) Nearest neighbors in the a-b plane ( Fig. 1(a) ): a single hopping amplitude, t, connects the two molecules: Fig. 3(a) ]. (B) Nearest neighbors in the c-direction (Fig. 1(b) ) there are three hoppings, t z , connecting equivalent orbitals i of the two molecules: Fig. 3(d) ]. In Mo 3 S 7 (dmit) 3 first principles calculations find that the intramolecular hopping is nearly isotropic: t z /t = 0.87.
We have calculated the effective exchange coupling between two neighboring clusters via two independent methods: (1) analytically via a canonical transformation to first order in 1/U and second order in H SO and H kin ; and (2) numerically with H c treated exactly and straightforward second order perturbation theory in
, where E 0 (4) is the ground state energy of an isolated cluster with N = 4 electrons. Note that we neglect the trigonal splitting (D) in the denominator of the numerical perturbation theory. However, comparison with the canonical transformation and the eigenvalues found from exact diagonalisation shows that this approximation is extremely accurate.
(A) Nearest neighbors in the a-b plane. Two neighboring molecules, l and m, related by inversion symmetry satisfy: λ m,xy = λ l,xy and λ m,z = λ l,z . The canonical transformation yields an effective pseudospin model consisting of onsite and nearest neighbour terms [29] :
with η = 1, J αβ = J βα , α, β = x, y, z and angled brackets imply that the sum is over nearest neighbors only avoiding double counting. The matrix elements calculated from the numerical perturbation theory are in excellent agreement with this model, even for λ > t c . This is not entirely surprising because λ/U remains small in this limit. The small residual terms [30] have the symmetry one would expect on extrapolating Eq. (3) to higher orders in H SO .
In the pure Hubbard model (J F = 0) we find numerically that there are no additional terms at higher order in 1/U or λ, furthermore the exchange coupling tensor is diagonal, J ab αβ = J ab αα δ αβ , and K z± = K ±± = 0. We plot the dependence of D and J ab αα on λ for fixed U = 10t c in Fig. 3(a) . The exchange couplings only display a very weak anisotropy, J (Fig. 3(b) ). Hence, for J F = 0 magnetic anisotropies between the pseudospins arise in the presence of inversion symmetry. The two molecule problem has C 2h symmetry once SOC is included. Since all irreducible representations of C 2h are one-dimensional we should then expect anisotropic couplings between the complexes that lift completely the energy level degeneracies present in the isolated trimers (Fig. 2) . However, these level degeneracies persist in the spectrum of a pair of molecules for J F = 0 since the in-plane exchanges (J ab xx = J ab yy ) are equal in this case. Thus, lowering the symmetry of the Coulomb interaction (e.g. J F = 0) can significantly increase the exchange anisotropy, as in models of transition metal oxides [7, 35] .
Finally we mention that the trigonal splitting, D, is only weakly affected by J F (compare Figs. 3(a) and (b) ). The off-diagonal exchange, J αβ , and non-pseudospinconserving K αβ terms are non-zero, but remain small (∼ 10 −4 t c ), for the parameters explored in Fig. 3(b) . It is important to understand what happens in the absence of an inversion center relating neighboring complexes. A particularly interesting case is if the two molecules are related by a rotation of π about a z-axis bisecting the two molecules (C (z) 2 symmetric). In the absence of SOC the C 
where anisotropic biquadratic couplings, P αβ = P βα , obey P zz = 2P zx = 2P zy and P xx = P yy = P xy = 0, these relations are also confirmed numerically. The dependence of the non-zero couplings on λ is shown in Fig.  3 (4), i.e., J c αβ = J c δ αβ , P αβ = P δ αβ and D = 0 is just the bilinear-biquadratic model:
2 , which becomes the Affleck-Kennedy-Lieb-Tasaki (AKLT) model for P/J c = 1/3, which has the valence bond solid ground state which is in the Haldane phase [38] .
The in-plane isotropy of the interlayer exchange (J xx = J yy , etc.) arises from the trigonal symmetry of the molecular packing (tube). In contrast to the symmetry of the in-plane packing (dumbbell) motif which allows J xx = J yy .
Quasi-one-dimensional pseudospin-1 model for trinu- [29] . In contrast all J c αα remain finite as U → ∞ in the absence of fine tuning of λ xy , λ z and t c [29] . Thus even though the underlying electronic structure is highly isotropic (t z /t = 0.87 [19] ) strong electronic correlations result in a quasi-one-dimensional spin model. This emergent quasi-one-dimensionality is a consequence of the fact that nearest neighboring complexes are connected by three hopping integrals to the molecule along the c-direction of the crystal but only one hopping integral connects neighbor molecules in the ab-planes. Interference effects [39] among the possible O(t 2 ) paths contributing to the exchange couplings make the ratio, r αα , a non-universal number that increases with U [29] . Hence, in the strong coupling limit, the effective model for trinuclear complexes consists on weakly coupled antiferromagnetic pseudospin-1 chains described by model (4) .
Conclusions and outlook. Our work shows how antiferromagnetic pseudospin-1 chains arise along the cdirection in crystals of trinuclear complexes such as Mo 3 S 7 (dmit) 3 and its selenated analogs. With no SOC, these chains can be modeled through an isotropic S = 1 Heisenberg model whose ground state is in the Haldane phase [23, 25] . An important question is whether the Haldane phase is stable to the weak exchange coupling between neighbor chains arranged in the hexagonal geometry. Previous numerical work [40] has shown how the Haldane phase is unstable to the interchain exchange coupling when r = J c /J ab > 3 in the hexagonal geometry of Mo 3 S 7 (dmit) 3 crystals. Since, r αα 5 for all α, for even moderate U , we expect the Haldane phase to be the ground state of the crystal for weak SOC. Turning on SOC introduces a trigonal splitting, D, as well as anisotropic spin exchange couplings. Thus, increasing SOC can drive the crystal from a topological Haldane phase to a trivial 'D-phase' consisting of the tensor product of j = 0 states on each molecule. Hence, a quantum phase transition [41] may be induced in the family of materials based on Mo 3 S 7 (dmit) 3 crystals by substituting, say, Mo→W [20] or S→Se [14] , which effectively increases the SOC. Intriguingly, although several selenated analogs of Mo 3 S 7 (dmit) 3 have been synthesized [17] , little is known about their magnetic properties.
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